Controlling the decoherence induced by the interaction of quantum system with its environment is a fundamental challenge in the quantum technology. Utilizing Floquet theory, we explore the constructive role of temporal periodic driving in suppressing decoherence of a spin-1/2 particle coupled to a spin bath. It is revealed that, accompanying the formation of a Floquet bound state in the quasienergy spectrum of the whole system including the system and its environment, the dissipation of the spin system can be inhibited and the system tends to coherently synchronize with the driving field. It can be seen as a close analogy to the bound-state induced decoherence suppression by engineering the spectral density in the static system. Comparing with other decoherence control schemes, our protocol is robust against the fluctuation of control parameters and easy to realize in practice. It suggests a promising perspective of periodic driving in decoherence control. Introduction.-As a ubiquitous phenomenon in microscopic world, decoherence is a main obstacle to the realization of any applications of quantum coherence, e.g., quantum information processing [1], quantum metrology [2] , and quantum simulation [3] . Many methods, such as feedback control [4, 5] , dynamical decoupling [6] [7] [8] , and decoherence-free subspace encoding [9, 10] , have been proposed to beat this unwanted effect. Based on the spin echo technique, the dynamical decoupling scheme is exploited to suppress dephasing, where the system has no energy exchange with the environment. It requires a high controllability to the system because it is sensitive to the time instants at which the inverse pulses are applied. Furthermore, when the dissipation of system is involved, this scheme cannot perform well to control the decoherence in practice.
Controlling the decoherence induced by the interaction of quantum system with its environment is a fundamental challenge in the quantum technology. Utilizing Floquet theory, we explore the constructive role of temporal periodic driving in suppressing decoherence of a spin-1/2 particle coupled to a spin bath. It is revealed that, accompanying the formation of a Floquet bound state in the quasienergy spectrum of the whole system including the system and its environment, the dissipation of the spin system can be inhibited and the system tends to coherently synchronize with the driving field. It can be seen as a close analogy to the bound-state induced decoherence suppression by engineering the spectral density in the static system. Comparing with other decoherence control schemes, our protocol is robust against the fluctuation of control parameters and easy to realize in practice. It suggests a promising perspective of periodic driving in decoherence control. Introduction.-As a ubiquitous phenomenon in microscopic world, decoherence is a main obstacle to the realization of any applications of quantum coherence, e.g., quantum information processing [1] , quantum metrology [2] , and quantum simulation [3] . Many methods, such as feedback control [4, 5] , dynamical decoupling [6] [7] [8] , and decoherence-free subspace encoding [9, 10] , have been proposed to beat this unwanted effect. Based on the spin echo technique, the dynamical decoupling scheme is exploited to suppress dephasing, where the system has no energy exchange with the environment. It requires a high controllability to the system because it is sensitive to the time instants at which the inverse pulses are applied. Furthermore, when the dissipation of system is involved, this scheme cannot perform well to control the decoherence in practice.
It is known that the decoherence of dissipative system connects tightly with the energy-spectrum characters of the total system consisting of the system and its environment. This suggests that the decoherence can be controlled by manipulating the environmental spectral density. In particular, if a bound state of the whole system, which resides in the environmental energy bandgap, is formed by changing the spectral density, the decoherence of the system can be suppressed [11] [12] [13] . Such bound-state induced decoherence suppression has been observed in photonic crystal system [14] [15] [16] [17] . However, in practice, especially in solid-state system, one generally faces the situation that it is hard to change the spectral density once the material sample of the system is fabricated. Thus more efficient way on engineering the bound state than changing the spectral density is desired.
Recently, periodic driving has become a highly controllable and versatile tool in quantum control. Many efforts have been devoted to explore non-trivial effects induced * anjhong@lzu.edu.cn by periodic driving on physical systems. Periodic driving has been proven playing profound role not only in controlling single-quantum-state of microscopic systems [18] [19] [20] [21] [22] [23] , but also in generating novel states of matter absent in the original static system [24] [25] [26] [27] [28] [29] [30] [31] . Different from static systems, physical systems under periodic driving have no stationary states because the energy is not conserved. Thanks to Floquet theory, the quasi-stationarystate properties of such systems can be well described by the Floquet eigen-values, which act as quasi-energies for such non-equilibrium system. The distinguished role of the periodic driving in these diverse physical systems is that the versatility of driving schemes can induce more colorful quasi-stationary-state behaviors than the static case by controlling the quasi-energy spectrum.
In this Letter, we explore the possibility of periodic driving on engineering the bound state of the system consisting of a spin-1/2 particle interacting with a XX-type coupled spin bath. Via manipulating the quasi-energy spectrum by periodic driving, we find that a Floquet eigenstate with discrete quasienergy, which we name as Floquet bound state (FBS), can be formed within the bandgap of the quasienergy spectrum. We further reveal that the presence of the FBS would dynamically cause the decoherence of the spin system suppressed.
Model and dynamics.-We consider a periodically driven spin-1/2 particle interacting with a onedimensional spin chain, which is composed of L spin-1/2 particles coupled via XX-type interactions. The Hamiltonian of the total system isĤ =Ĥ S (t) +Ĥ I +Ĥ E witĥ
whereσ α j (α = x, y, z) are the Pauli matrices with j = 0 labeling the system spin and j = 1, · · · , L labeling the spins in the chain; λ denotes the longitudinal magnetic field exerted homogeneously on all the spins; A(t) is the periodic driving only on the system spin; J and g are, respectively, the coupling strengths between the nearestneighbour spins of the chain and between the system and the first-site spin of the chain.Ĥ E yields a phase transition at the critical point |λ| = 2J [32] . Diagonalizinĝ H E in the single-excitation subspace, we can obtain its eigenstate
is a spin wave with wave vector k. Here |{↓ j } is the ferromagnetic state of the spin chain with all its spins pointing to −ê z direction andσ + j = (σ x j +iσ y j )/2, and the eigenenergy E k = λ + 2J cos kx 0 with x 0 being the spatial separation of the two neighbor sites. Obviously, the spin chain defines a structured environment with finite bandwidth 4J.
We are interested in how the spin chain results in decoherence to the system spin and how the decoherence can be suppressed by well-tailored periodic driving. Since the excitation numberN ≡
L j=0σ
+ jσ − j is conserved, the Hilbert space is divided into independent subspaces with definite excitation number N . Consider explicitly that the spin chain is initially polarized in a ferromagnetic state and the system spin is in up state, we have
under the condition c 0 (0) = 1. Denoting the excited-state probability of the system, |c 0 (t)| 2 characterizes the decoherence effect of the environment on the system. Equation (3) provides us with the exact description to the decoherence dynamics of the system.
Floquet quasi-energy spectrum.-A temporal periodic system governed byĤ(t) =Ĥ(t + T ) can be treated by the Floquet theory, which is a powerful approach to map a non-equilibrium system under periodic driving to an effectively static one [33] . According to Floquet theory, the periodic system has a complete set of states |u α (t) determined by the Floquet eigenequation
such that any state can be expanded as |Ψ(t) = The Floquet Hamiltonian operates on an extended Hilbert space named as Sambe space, which is made up of the usual Hilbert space and an extra temporal space [34, 35] . To calculate the quasienergies, one needs first to expand |u α (t) in a complete set of basis of the temporal space, which is generally chosen as {exp(ikωt)|k ∈ Z}. Thus we have |u α (t) = k |ũ α (k) exp(ikωt). Then Eq. (4) is recast into a matrix equation with l and k being its row and column indices
have been used. Expanding eachĤ l further in the complete set of basis in the Hilbert subspace with N = 1, we can obtain the Floquet quasienergy spectrum. Note that Eq. (5) is an infinite matrix equation and its solutions can be obtained by truncating the basis of the temporal space to the rank such that the obtained magnitudes converge.
Decoherence inhibition by periodic driving.-To reveal the mechanism of decoherence inhibition by the periodic driving, we consider explicitly that the energy splitting of the system is modulated as [36] 
It is experimentally realizable by adding a timedependent longitudinal magnetic field. It is noted that although only is the driving field periodic in this step function considered here, the mechanism revealed in the following is also applicable to other driving forms. To our driving protocol (6), we haveĤ
We first study the asymmetric driving situation by choosing a 1 = 0. Figure 1(a) shows the time evolution of the excited-state probability P t = |c 0 (t)| 2 with the change of the driving amplitude a 2 , which is obtained by numerically solving Eq. (3). When the driving is switched off, i.e., a 2 = 0, P t decays monotonically to zero, which means a complete decoherence exerted by the spin chain to the system spin. However, when the driving is switched on, the decoherence dynamics exhibits dramatic difference from the static case. It is interesting to see that P t is asymptotically stabilized in certain regimes of a 2 . It implies that the decoherence is inhibited repeatedly with the increase of a 2 . To explain this repetitive dynamical behavior, we plot in Fig. 1(b) the Floquet quasienergy spectrum obtained by numerically solving Eq. (5). We can find that an FBS is possible to be formed within the bandgap with the increase of a 2 . It is remarkable to see that the regimes where the decoherence is inhibited match exactly well with the ones where the FBS is formed in the quasienergy spectrum. To understand the decoherence inhibition induced by the FBS, we write |Ψ(t) = x exp(−iε FBS t)|u FBS (t) + α∈Band y α exp(−iε α t)|u α (t) , where x and y α are determined by the initial condition. Then one can get that P t evolves asymptotically to P ∞ ≡ x 2 | Ψ(0)|u FBS (t) | 2 with all the other components in the quasi-energy band vanish due to the out-of-phase interference contributed by the continuous phases, as confirmed in Fig. 2 . In the absence of the FBS, although it is dramatically interrupted by the periodic driving, P t decays to zero asymptotically. Whenever the FBS is formed, P t would be stabilized and tends to P ∞ , which is periodic with period T [see the inset of Fig. 2] . It means that the presence of the FBS would cause P t to survive in the only component of the FBS and thus synchronize with the driving field [37] .
The above analysis reveals that we can manipulate the quasienergy spectrum forming the FBS to suppress decoherence. A prerequisite for forming the FBS is the existence of finite quasienergy gap in the spectrum. We plot in Fig. 3 the Floquet quasienergy spectrum and time evolution of P t with the change of τ as well as T . We can see that, irrespective of which driving parameter is changed, the firm correspondence between the formation of an FBS and the decoherence inhibition can be established. The common character between Fig. 1(b) and Fig. 3(a) is that the width of the formed bandgap is kept constant during the change of driving parameters, which is not true for Fig. 3(c) . This can be understood in the following way. Periodic in 2π/T , the quasienergy has a full width 2π/T . The energy band of the whole system is 4J. Therefore, a bandgap with finite width 2π/T − 4J can be present in the quasienergy spectrum only in the high-frequency (i.e. 2π/T > 4J) driving case. To further test this result, we plot in Fig. 3(c) the quasienergy spectrum with the change of T . We can see that the full quasienergy spectrum is greatly distorted in this case. The bandgap vanishes whenever 2π/T < 4J, which leads to the continuous energy band of the environment fill up the Floquet spectrum. Thus the bandgap is impossible to appear and there is no room for the formation of the FBS in this parameter regime. Reflecting on the dynamics in Fig. 3(d) , we can find that, although it is greatly slowed down, P t approaches zero eventually. This indicates that the decoherence cannot be suppressed in this case. From the above analysis, we conclude that the FBS can only be present in the high frequency driving case 2π/T > 4J, which supplies a necessary condition to stabilize decoherence. It is a very useful criterion on designing novel driving scheme for decoherence control.
Our finding in the periodically driven system is an analogue to the bound-state-induced decoherence suppression revealed in static system [11] [12] [13] . For a static twolevel system [12, 13] or a harmonic oscillator [38] interacting with an environment, depending on the parameters in the spectral density, the total system may possess a stationary state localized out of the continuous energy band of the environment, which is named as bound state [12] . As a stationary state, the bound state contained as one superposition component in the initial state does not lose its quantum coherence during the time evolution. Thus, as far as the bound state is formed, the system evolves exclusively to the time-invariant component of the bound state with other components in the continuous band vanishing due to their out-of-phase interference. For our periodically driven system, although the system has no eigenenergies and stationary states, this parallel picture can be set up by studying the quasienergy spectrum with the help of Floquet theory. Compared with the static system, our periodic driving scheme supplies a more efficient way on manipulating the energy spectrum to form the bound state than just changing the parameters in the spectral density. This is extremely useful in practice because the spectral density is hard to change once the material sample of the system is fabricated. It is noted that our decoherence inhibition mechanism induced by the formation of the FBS is different from the decoupling mechanism in Refs. [22, 23] . Our mechanism is more robust to the imperfect fluctuation of the driving parameters than the one there, where the decoupling is achieved only in certain single values of the driving parameters. To see this, we resort to the perturbative method. Expanding |u α (t) in a new set of basis of the temporal space as |u α (t) = kÛ t exp(ikωt)|ũ α (k) ,
(1/T ) T 0 A(t)dt subtracted to guarantee the periodicity of |u α (t) , we can obtain a similar form as Eq. (5) but
with
It describes an open quantum system of a spin coupled to an environment with their coupling strengths renormalized by a factor F l−k . If we make F l−k = 0 by appropriately choosing the driving parameters, then the system would be decoupled from the environment. In Fig. 4 , we plot |F 0 | 2 and P t with the change of a 2 in the symmetric driving situation, i.e. (a 1 = −a 2 ). Working in the high-frequency driving case, we can safely neglect the terms F l−k with l = k because the rapid oscillation in the exponential of F l−k would average it to zero. Only the interactions with renormalization factor F 0 are retained. It is interesting to find that although there is no FBS formed [see Fig. 4(a) ], in certain definite values of driving parameters, the decoupling characterized by F 0 = 0 is achievable. As it should be, such decoupling induces the decoherence inhibited [see Fig. 4(b) ]. However, the decoupling is extremely sensitive to the driving parameters and any small derivation to the decoupling driving values would result in the asymptotic decay to zero of P t . Dramatically different from this, it is a wide parameter regime in our mechanism which can make decoherence inhibited. From this point of view, our mechanism is more stable to the possible parameter fluctuation in the practical experiments than the decoupling one.
Finally, we emphasize that the mechanism of decoherence inhibition by the formation of the FBS is established in an exact way without any approximations. It is also valid in other driving forms, because the periodic driving in step function form is used just for the purpose of computation convenience. The mechanism revealed in our spin-bath model can also be readily extended to other excitation-number-conserving models, e.g. a twolevel system in a coupled cavity array [22, 23] and a harmonic oscillator in a bosonic bath model [38] .
Conclusions.-We have studied the decoherence dynamics of a periodically driven spin-1/2 particle interacting with an XX coupled spin chain. It is found that the decoherence of the system can be inhibited by the periodic driving. We have revealed that the mechanism of such decoherence inhibition induced by the periodic driving is the formation of an FBS in the quasienergy spectrum. This can be seen as a close analogue of the boundstate induced decoherence suppression in static system. It opens a door to beat decoherence by periodic driving. Compared with the conventional scheme of decoherence control using periodic driving, our scheme is robust to the practical driving parameter fluctuation. Given the fact that periodic driving offers a high controllability to quantum system, our decoherence inhibition mechanism provides us with a promising and realistic way to practical decoherence control.
